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everal bridge distresses have been attributed to temperature variations within the structures."" Consequently, bridge designers are utilizing various design approaches for the evaluation of temperature variations in bridge members and for the subsequent determination of stresses and strains.
This article presents the findings from field temperature measurements of an experimental segmental bridge. A comparison with some currently accepted design temperature distributions is performed. The current temperature distributions for design were modified to agree with actual measured values in order to allow a direct comparison. Finally, from the numerical comparisons, some disagreements with current approaches are highlighted.
THE TEMPERATURE PROBLEM
The temperature problem is caused by the thermal environment (see Fig.  1 ). Surface temperatures of a cross section result from numerous random inputs, namely, the surrounding air temperature, the solar energy striking some surfaces, convection caused by the wind vector, and various forms of precipitation. These inputs not only vary from season to season but also throughout any given day (diurnal cycle). Such a random and transient set of thermal parameters leads to an ever-changing set of cross-sectional surface temperatures.
Since the boundary conditions are continually changing, the temperature distribution within a cross section must also vary with time.
The significance of a transient heat flow condition can best be described by considering a simply-supported beam initially at a constant temperature (T0) (Fig. 2a) . If both the top and bottom surfaces are subjected to a temperature change (AT), then, over some period of time, the cross section will be subjected to a new uniform temperature (To + AT). The physical response of the beam will then be an elongation (AL) which is a stress-free strain (Fig. 2b) .
On the other hand, if only the top surface is subjected to an increased temperature (2AT), then, over some time period, a linear temperature distribution will occur. Under the linear temperature distribution, the beam will elongate (AL) and bow upwards. Again, strain will occur without the development of stress (Fig. 2b) .
In actuality, because surface temperatures vary with time, a nonlinear temperature distribution will be present. In other words, before a steady state heat conduction condition can be reached, the boundary conditions will have changed. Since the physical response of the beam requires that plane sections remain plane, there can only be an elongation and curvature (Fig. 2b) . Thus, a residual stress must develop, which is given by the formula:.
.fr(y ) =E [4 y +Ease -at(Y)] (1)
where f,(y) = residual stress y distance from neutral axis E = modulus of elasticity 0 = curvature y = distance from neutral axis to fiber where residual stress is designated In order to find the residual stress using Eq. (1), the curvature and average strain due to the temperature distribution must be determined. Using the Bernoulli-Navier principle, and assuming a one-dimensional temperature distribution, Priestley3.4 used equilibrium conditions to develop the following expression for curvature:
= j f t(y) • b(y) • y • dy (2)
where I = second moment of area about the neutral axis, and b(y) = width of section y distance from neutral axis
The uniform strain due to the mean temperature differential is readily computed as:
where A is the cross-sectional area.
Therefore, for a given temperature distribution, curvature and the uniform strain can be computed for Eqs. (2) and (3), respectively, which, in turn, can be used in Eq. (1) to determine the residual stress.
In summary, the response to the nonlinear temperature distribution can be broken into three parts as shown in Fig, 3 . The first part consists of the uniform structural distortion due to the uniform seasonal temperature input, which is currently addressed in most design specifications. The second part occurs when the temperature change (distribution), as referenced from the seasonal value, is applied, causing an incremental change to take place in the uniform temperature to form an overall uniform mean temperature. Finally, the third part involves a nonlinear temper-. ature distribution as measured about the overall mean temperature.
Currently, American design codes do not specify the consideration of an incremental uniform temperature change State Highway and Transportation Officials permits stress increases of 25 to 40 percent for load combinations involving temperature and shrinkage effects;s however, the actual specification of a critical temperature distribution and the subsequent analysis of curvature and residual stresses are not specified.
Contrary to such American code practices, the New Zealand Specification4 requires the consideration of a fifth-power temperature distribution, as shown in Fig. 4(a) . For the web of a box section and the cantilever flanges, the temperature distribution is taken as 32°C (57.6°F) at the top surface without blacktop, and it decreases with depth according to the fifth power and becomes zero at 1200 mm (47.2 in.). After 1200 mm (47.2 in.), the member is considered too massive to be affected by rapid temperature changes in the diurnal (daily) cycle.
In addition, a linear temperature distribution is assumed in the soffit, which is 1.5°C (2.7°F) at the lower surface and decreases to zero at 200 mm (7.9 in.). The deck slabs above the cells are subjected to a linear temperature distribution of 32°C (57.6°F) on the surface, decreasing 0.05°C per mm (2.3°F per in.). v 0
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TEST BRIDGE
Field observations were recorded for a segmental prestressed box girder bridge located at the Pennsylvania Transportation Research Facility. The test bridge consisted of two curved, superelevated, prestressed box girders, each composed of 17 segments, as shown in Fig. 5 . The topography of the site consisted of gentle rolling hills with a complete lack of large obstacles. Hence, maximum solar radiation was incident on the bridge surface. Also, the open terrain allowed the extremes of the thermal conditions to be observed, including wind-induced convection.
The instrumentation for measuring temperatures consisted of an Esterline Angus-Model E1124E multipoint recorder and 24 copper versus constantan thermocouples which were located on the cross section as shown in Fig. 6 . The thermocouple placement was performed after bridge erection by drilling and filling the void with an epoxy which was specified by the manufacturer as thermally compatible with the concrete.
Calibration was performed by comparison of the ambient air temperature of the interior cavity, as determined by a mercury thermometer, to a freely exposed thermocouple within the cavity of the girder. Overall expected optimal precision of the temperature measurements was approximately ±1.5°F (+0.8° C).
The average critical deflections at midspan were also measured using six dial gages with two placed at each end and two placed at midspan. The appropriate weather information was obtained from the Meteorology Observatory at The Pennsylvania State University, located approximately 5 miles (8 km) southeast of the test site. The second source of meteorological information was the University Park Airport, located approximately 1 mile (1.6 km) south of the bridge location.
FIELD STUDY
The initial portion of the thermal study considered the possibility of a longitudinal temperature variation. This investigation compared ten thermocouple readings at hourly intervals for three different diurnal (daily) cycles between Segments 2A and 5A, and 2A and 9A (see Fig. 5 ). The field readings consisted of readings at Segments 2A and 5A on June 30, 1978, and at Segment 2A and Segment 9A on July 11, 1978, and August 22, 1978, for ten thermocouple locations in each cross section.
The collected ordered pairs of readings for like thermocuple positions were then analyzed by simple linear regression. From the regression analysis, it was concluded that there was no significant longitudinal temperature variation. Therefore, since the temperature distribution was found to be constant in the longitudinal direction, it was concluded that curvature due to temperature was also constant along the length of the beam. The longitudinal study reduced the heat flow problem from a three-dimensional analysis to one with no more complexity than two dimensions.
The second portion of the study observed the midspan vertical deflections and transverse temperature distributions of the bridge for 18 diurnal (daily) cycles during the period starting on October 25, 1978, and ending on October 16, 1979. The set of 18 diurnal observations was designed to indicate seasonal extremes as best as could be predicted by the researchers prior to the measurements.
Each transverse temperature distribution was compiled from the 24 thermocouple readings, and the corresponding midspan vertical deflections were determined for every hour starting at midnight and ending at midnight, 24 hours later. The deflection readings were then referenced to the equilib-Note: I inch = 25.4mm 
6°F).
This agreement is further reinforced by the fact that Thermocouple Location 5 did indicate some small increasing temperature during the day. If these increasing temperatures were accounted for in the temperature distributions, a somewhat higher value of surface temperature differential would result.
Another strong agreement between the observations and the New Zealand Specification is that at the maximum upward deflection, the temperature in Thermocouple Locations 1, 2, and 3 indicates a pattern which is in close agreement with the linear distribution specified by the New Zealand Code.
In summary, the field observations appear to indicate that the critical temperature distribution that causes maximum upward bowing can be approximated by a fifth-order polynomial. In addition, the slab above the box cell showed a linear temperature distribution. The question of accuracy versus complexity, however, still remains.
In order to answer this question, the observed curvature, which was calculated from measured vertical deflections, was compared with theoretical curvatures which were calculated from both the modified New Zealand Specifications and the modified PCI-PTI temperature distribution method.
NUMERICAL COMPARISONS
The temperature distributions given in Fig. 4 were modified to conform with field observations. The resulting curvatures were determined from Eq. (2) and the resulting average strains were determined from Eq. (3) using the generalized cross section shown in Fig. 9 . The corresponding stresses were also determined using Eq. (1). 
EXAMPLE 1
the box section, with the triangular temperature distribution at the bottom A fifth-power temperature distribu-neglected. This distribution is shown in tion was assumed across the entire Fig. 10 , and it is used in determining cross section, including the deck above the curvature and strain. The stresses predicted from the fifth power temperature distribution are shown in Fig. 11 .
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EXAMPLE 2
A uniform temperature distribution of 35.8°F (19.9°C) in ',the flange gives the same average cross-sectional tem- From Examples 1 and 2, it is evident that the basic assumptions lead to approximately the same, curvature but markedly different stress patterns.
COMPARISON OF OBSERVED VALUES
The observed critical curvature was determined from the vertical deflection measurements. With the presence of 51°F (28.3°C) temperature difference between flange surface and the temperature at Thermocouple 5, the test bridge bowed upward 0.72 in. (18.29 mm) from the dead load prestressed equilibrium position. In addition, since it was concluded that temperature was constant longitudinally, then curvature must be constant also. The experimental curvature computed above was based upon the assumption that the upward deflection of 0.72 in. (18.3 mm) was associated with an ideal simply-supported beam. However, there was evidence that there were some end restraints that inhibited the structure from functioning in the ideal fashion. If these restraints had not been present, the upward deflection would have been greater, and the experimental curvature would have been correspondingly greater.
In fact, load tests on the experimental bridge8 indicated that the experimental curvature for standard truck load was 22 percent less than the theoretical curvature as determined from moment-area principles. If a similar discrepancy is accounted for in the present case, the experimental curvature would be 3.68 x 10-6 1/in. (0.145 x 10-6 1/mm), which agrees closely with the computed value of 3.67 x 10-6 1/in. (0.144 x 10-6 1/mm).
Therefore, from an overall comparison, the field observations seemed to substantiate curvature predictions from the computation using a fifth-order temperature distribution or a uniform flange temperature distribution. However, for the uniform flange temperature, a flange temperature equalling about twice the currently proposed PCI-PTI value had to be used.
A commonly used method for computing curvature is to assume a linear temperature distribution from the middle of the top slab to the middle of the bottom slab. It should be pointed out, however, that this temperature distribution produces no thermal stresses in a statically determinate structure. It was determined by calculations that a 35.6°F (19.8°C) temperature difference between the top and bottom slab with a linear variation in between produces the same theoretical curvature, 3.67 x 10-6 1/in. (0.0145 x 10 1/mm), as the temperature distribution in Examples 1 and 2.
CONCLUSIONS FOR DESIGN
There was no significant longitudinal temperature variation in the experimental segmental bridge. Therefore, curvature due to temperature was constant along the length of the girder, and the heat flow problem was reduced from a -three-dimensional to a two-dimensional state. Further, it was found that there was very little transverse temperature variation in the horizontal direction.
The maximum transverse temperature differential in the vertical direction was measured as 51°F (28.3°C) and occurred at the same time as the maximum upward deflection. This showed a rather good agreement with the New Zealand Specification which recommends 57.6°F (32°C). The field observations also indicated that the critical temperature distribution can be approximated by a fifth-order polynomial in the webs, and that a linear temperature distribution exists in the slab above the box section, as recommended in the New Zealand Specification. Either a fifth-order temperature distribution across the entire cross section (New Zealand gradient) or a uniform temperature distribution in the top slab (PCI-PTI gradient) produces a curvature which agrees with experimental values; however, temperature stresses produced by the two temperature distributions differ markedly. The uniform temperature distribution in the slab of 35.8°F (19.9°C) which agrees with experimental curvatures is approximately twice the PCI-PTI recommended value of 18°F (10°C).
The consideration of curvature due to temperature is important in design, especially in indeterminate structures where temperature stresses due to continuity will superimpose on the temperature stresses due to the temperature distribution. If the temperature stresses due to the temperature distribution_and/or continuity induced stresses exceed the ultimate tensile stress of the concrete, reinforcing steel must be provided to carry the total tensile load.
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APPENDIX
For the purposes of illustration, consider an externally statically determinate truss structure and a temperature differential, as shown in Fig. Al (a) . Since the truss is internally statically determinate, heating the top and middle members by 4AT' and OT causes them to elongate 4aiTL and azTL, respectively, where a is the coefficient of thermal expansion and L is the member length. This in turn causes the truss members to rotate in order to accommodate the increases in member lengths. Note that this reconfiguration
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only changes the interior triangular configuration without introducing stress.
In contrast, if the truss is made internally statically indeterminate and is subjected to the same member temperature differential, a stress-free condition does not exist [see Fig. Al (b) ]. Since there are internal redundancies, a geometrical reconfiguration causes some truss members to contract and others to elongate beyond that required by member temperature equilibrium; hence, stresses are developed. 
